Time-elapsed synchrotron-light microstructural imaging of femoral neck fracture by Martelli, S. & Perilli, E.
Contents lists available at ScienceDirect
Journal of the Mechanical Behavior of
Biomedical Materials
journal homepage: www.elsevier.com/locate/jmbbm
Time-elapsed synchrotron-light microstructural imaging of femoral neck
fracture☆
Saulo Martelli⁎, Egon Perilli
Medical Device Research Institute, College of Science and Engineering, Flinders University, 1284 South Road, Clovelly Park, 5042 South Australia, Australia
A R T I C L E I N F O
Keywords:
Femur microstructure






A B S T R A C T
Time-elapsed micro-computed-tomography (μCT) imaging allows studying bone micromechanics. However, no
study has yet performed time-elapsed μCT imaging of human femoral neck fractures. We developed a protocol
for time-elapsed synchrotron μCT imaging of the microstructure in the entire proximal femur, while inducing
clinically-relevant femoral neck fractures. Three human cadaver femora (females, age: 75–80 years) were used.
The specimen-specific force to be applied at each load step was based on the specimens’ strength estimated a
priori using finite-element analysis of clinical CT images. A radio-transparent compressive stage was designed for
loading the specimens while recording the applied load during synchrotron μCT scanning. The total μCT scan-
ning field of view was 146mm wide and 131mm high, at 29.81 µm isotropic pixel size. Specimens were first
scanned unloaded, then under incremental load steps, each equal to 25% of the estimated specimens’ strength,
and ultimately after fracture. Fracture occurred after 4–5 time-elapsed load steps, displaying sub-capital frac-
turing of the femoral neck, in agreement with finite-element predictions. Time-elapsed μCT images, co-registered
to those of the intact specimen, displayed the proximal femur microstructure under progressive deformation up
to fracture. The images showed (1) a spatially heterogeneous deformation localized in the proximal femoral
head; (2) a predominantly elastic recovery, after load removal, of the diaphyseal and trochanteric regions and;
(3) post-fracture residual displacements, mainly localized in the fractured region. The time-elapsed μCT imaging
protocol developed and the high resolution images generated, made publicly available, may spur further re-
search into human femur micromechanics and fracture.
1. Introduction
Femoral neck fractures are a major burden to public health carrying
the highest morbidity and mortality rates among fragility fractures
(Sernbo and Johnell, 1993; Cummings and Melton, 2002). In this
context, micro-computed-tomography (μCT) and mechanical tests have
shown a unique potential for studying the femoral microstructure
(Baruffaldi et al., 2006), the relationship between bone morphometry,
strength (Perilli et al., 2012a; Tassani and Matsopoulos, 2014), micro-
mechanics (Nawathe et al., 2014a, 2014b; Thurner et al., 2006) and
their age-related changes (Van Rietbergen et al., 2003). By imaging the
bone microstructure during step-wise loading, time-elapsed μCT studies
allowed visualizing the micro-architectural displacements in small
human bone samples (Nazarian et al., 2006; Perilli et al., 2008), small
animal bone samples (Thurner et al., 2006; Szabó et al., 2011) and
human spine units (Jackman et al., 2016). Yet, it is unclear how ex-
periments conducted on small bone cores translate to the whole femur
(Panyasantisuk et al., 2016). Therefore, time-elapsed μCT imaging of
the entire proximal femur during step-wise loading may help in un-
derstanding human femur micromechanics. However, no study has yet
performed time-elapsed μCT imaging of the entire human proximal
femur under load, mainly due to technical limitations.
Time-elapsed μCT imaging of specimens as big as the human prox-
imal femur while inducing fracture to the femoral neck is challenging,
because it requires 1) a μCT scanner with a large gantry and detector
size providing a suitable working volume and 2) an ad-hoc compressive
stage. The field of view has to be large enough to image the entire
human proximal femur, which can be 134mm wide from trochanter to
femoral head (Iyem et al., 2014) and approximately 100mm high from
the top of the femoral head to below the lesser trochanter. A pixel size
in the order of 20–30 µm ensures that relevant micro-architectural
features can be captured, including the thin trabeculae in the order of
100 µm (Perilli et al., 2012b). Scanners capable of doing this are, cur-
rently, some synchrotron facilities such as the Imaging and Medical
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Beamline (IMBL) of the Australian Synchrotron (Clayton, VIC, Aus-
tralia) and, with some limitations, industrial CT scanners (e.g., Vtomex,
General Electrics, Wunstorf, Germany). Synchrotron facilities (Peyrin
et al., 1998) are expected to produce a superior image quality and
minimal beam hardening, because of the high flux and monochromatic
x-ray beam compared to the lower flux and polychromatic beam used
by commercial devices.
Fracturing the femoral neck in human femora using step-wise
loading is complex. The compressive stage has to be matched to the
available μCT assembly (Jackman et al., 2016), it has to be radio-
transparent for minimizing x-ray attenuation and image artefacts
(Jackman et al., 2016) and it has to be capable of generating a force
inducing fracture to the femoral neck, which may range between 0.9 kN
and 14.3 kN for elderly white women (Falcinelli et al., 2014). The latter
complicates the determination of incremental load steps to be applied
to fracture these specimens, as using the same incremental force for all
specimens may either lead to a too early damage and failure of weak
specimens, or to a high number of load steps required for fracturing the
stronger specimens. This is particularly important when specimen
number and imaging time available are limited. Furthermore, during
the lengthy (up to four hours long in this experiment) time-elapsed
imaging process, it is unclear how bone viscoelasticity may affect the
bone mechanics in the entire human femoral epiphyses, as it may cause
a decay of the applied load (stress relaxation) and/or affect fracture
behaviour. Lastly, the compressive force orientation has to be con-
trolled for inducing fracture in the femoral neck (Cristofolini et al.,
2007). To this extent, finite-element analysis of clinical-level CT images
may provide estimates of possible fracture location and relative
strength (Schileo et al., 2014), which may allow determining a spe-
cimen-specific incremental load step to be applied if performed a priori,
hence facilitating time-elapsed μCT experiments on entire human fe-
moral epiphyses.
Thus, here we present a novel imaging protocol developed for ob-
taining time-elapsed μCT images of the entire proximal human femur
subjected to step-wise loading up to fracture at the IMBL, Australian
Synchrotron (Clayton, VIC, Australia).
2. Method
The protocol was developed and tested using three human femora
from elderly white women. The amount and type of load to be applied
at each load step was calculated a priori on a specimen-specific basis,
using finite-element analysis of clinical-level CT images. Then, the
synchrotron μCT images of the femur, while subjected to a progressive
step-wise loading up to fracture and post-fracture, with concomitant
force data, were obtained using a dedicated imaging protocol and a
custom-manufactured radio-transparent compressive stage.
2.1. Femora
Three femora (Table 1) from three elderly white women (75–80
years of age) with no reported history of fragility fractures were ob-
tained from a dedicated body donation program (Science Care,
Phoenix, USA). Samples were received frozen and stored at −20 °C at
the Biomechanics and Implants Laboratory of Flinders University
(Clovelly Park, South Australia). The primary cause of death included
hypertension, chronic obstructive pulmonary disease and Alzheimer.
Confirmation of non-reactive serology to major infectious disease (i.e.,
HBsAg; Anti-HCV; HIV-1/-2) was also obtained. Ethics clearance was
granted by the Social and Behavioral Research Ethics Committee
(SBREC) of Flinders University (Project # 6380).
2.2. The compressive stage
The compressive stage was designed to fit the size and weight
bearing capacity of the μCT assembly at IMBL and included (1) a radio-
transparent compression chamber to minimize X-ray absorption and
scatter artefacts, (2) an actuation screw mechanism for imposing dis-
placements to the specimen, (3) a low-friction x-y table to minimize
transversal force components, and (4) a 6-degree-of-freedom load cell
for measuring the force components at the distal specimen (Fig. 1). The
compression chamber was a waterproof aluminium cylinder (203mm
diameter, 3 mm wall thickness), closed by a welded aluminium plate at
its bottom, which featured a polyethylene spherically shaped pressure
socket, centred, designed to host the femoral head. The specimen-ac-
tuator complex included, from bottom to top: the specimen, the spe-
cimen holder, the 6-degree-of-freedom load cell, the low-friction x-y
table and the screw mechanism. The specimen holder was a 104mm
diameter aluminium potting cup, 60mm high. The 6-degree-of-freedom
load cell (ME-measurement systems GmbH, Hennigsdorf, GE) was
placed between the aluminium potting cup and the low-friction x-y
table (THK Co., Tokyo, Japan) to minimize the transversal force com-
ponents acting on the specimen. The vertical displacement of the spe-
cimen was actuated by the screw-jack mechanism (Benzlers, Örebro,
Sweden) and guided by a vertical rail (SKF Inc., Lansdale, PA, USA).
Hence, the compressive stage allowed to apply controlled displace-
ments to the specimen assembly and compressive axial force, while
minimizing the transversal force components. The screw-jack stroke
was 150mm, the maximal load 10,000 N and the gear ratio 27:1, which
allowed a 0.148mm vertical displacement per revolution. The load cell
capacity was 10,000 N and 500 Nm along each of the three coordinate
axes; the nominal maximal measurement error was 0.005% for each
force component, provided by the manufacturer. The overall external
dimensions of the compressive stage were 245mm diameter, 576mm
height and 14 kg weight, excluding the sample. The global compliance
was 272 ± 31 µm/kN, obtained by replacing the sample with a steel
cylinder and measuring the longitudinal force component while ac-
tuating the screw-jack mechanism (5 repetitions).
2.3. Load steps determination through finite-element analysis
The load step was defined for each specimen using a well-estab-
lished procedure based on the finite-element analysis of clinical-level
computed-tomography images (Schileo et al., 2014). This procedure
has been shown to provide reliable estimates (R2 = 0.89, p < 0.001)
of the fracture load in human femora, although, subjected to a de-
formation rate of 2–27.5 mm/s (Schileo et al., 2014), which is a much
higher deformation rate than the one occurring during the rather
lengthy process of completing time-elapsed μCT experiments. In sum-
mary, femora were scanned using a clinical CT scanner (Optima CT660,
General Electric Medical Systems Co., Wisconsin, USA), after having
been thawed for 24 h at room temperature in a water-proof plastic bag
and a double layer of absorbent material to maintain bone moisture.
Scanning was conducted using a helical scanning protocol, a tube cur-
rent of 300mA and a voltage of 140 kVp. The slice thickness and the in-
plane pixel size of the cross-section images were 0.625mm and 0.7mm,
respectively. A CT densitometry calibration phantom (Mindways Soft-
ware, Inc., Austin, USA) with five samples of known dipotassium hy-
drogen phosphate (K2HPO4 equivalent density range:
58.88–157.13mg cm−3) was scanned with the samples. The femur
geometry was extracted from the CT images using a semi-automatic
segmentation procedure (Simpleware, Exeter, UK). A finite-element
Table 1
The donors' age and anthropometric details.





1 145 104.3 80 50 0.42 −3.45
2 155 59.0 76 25 0.56 −2.12
3 178 90.7 75 29 0.28 −4.75
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mesh was obtained by directly converting the voxels to quadratic
hexahedron elements. The element-by-element locally isotropic mate-
rial properties were defined by (a) calibrating the grey levels in the
images to bone density values using the known K2HPO4 densities in the
Mindways phantom and (b) using the density-to-elastic modulus re-
lationship reported by Schileo et al. (2014).
The finite-element femur model was fully constrained distally. A
nominal force of 1000 N, adducted by 8° from the femoral shaft axis in
the coronal plane, was applied to the femoral head. This loading con-
figuration mimics the hip force vector orientation in the one-leg stance
configuration (orthoload.com) and it has been shown to induce clini-
cally relevant fracture patterns to the femoral neck (Cristofolini et al.,
2007). Nodal strains were calculated using the linear Preconditioned
Conjugate Gradient solver implemented in ANSYS (ANSYS Inc., Can-
nonsburg, USA) and averaged over a 3mm diameter spherical volume.
The estimated fracture load was obtained by scaling the nominal load to
match the fracture threshold strain either in tension (0.73% strain) or in
compression (1.04% strain) (Schileo et al., 2014).
2.4. Specimen preparation
The femoral diaphysis was cut at 180mm from the proximal femoral
head. The femoral head was centred on the vertical loading axis of the
compressive stage, the plane containing the neck and the diaphysis axis
was aligned with the frontal plane in the compressive stage and the
diaphysis axis was aligned with the vertical loading axis. The specimen
was then adducted by 8° (Fig. 1) and potted 55mm deep in aluminium
cups by using dental cement (Soesterberg, The Netherlands), which met
the ISO 5833 requirements. This specimen's configuration allowed,
once it was mounted on the compressive stage, to align the loading axis
in the compressive stage with the hip force vector used in the finite-
element analysis.
2.5. Time-elapsed synchrotron-μCT imaging
The femur specimens (after thawing in saline solution for 24 h and
then having been fitted on the compressive stage as in point 2.4) were
wrapped in fabric tissue soaked with saline solution, sealed in a plastic
bag to ensure that bone moisture was maintained throughout the
experiment similar to the procedure by Jackman et al. (2016) and
mounted on the IMBL's rotation stage for scanning. For each specimen,
the first scan was obtained in a zero-load reference position, determined
by increasing the vertical load to 100 N and then unloading the spe-
cimen until the force profile flattened. Subsequently, the specimen-
specific incremental load step was applied, defined for each specimen
as a fraction (25%) of its estimated fracture load determined previously
via finite-element analysis (point 2.3). At each incremental load step,
the load applied to the specimen was increased by manually actuating
the screw-jack mechanism while monitoring the longitudinal force
component on a laptop computer. For each specimen, step-wise scans
were performed up to fracture, followed by one additional post-fracture
scan. The 6-degree-of-freedom force components were recorded for the
whole duration of the experiment.
Imaging was conducted using the detector Ruby (array size: 2560×
2160; max FOV: 76.31× 64.39mm at 29.81 µm pixel size) and a
dedicated off-set scanning mode for extending the FOV to 145.71mm
width at a 29.81 µm pixel size. The x-ray beam, emerging from a rec-
tangular slit, was up to 540mm in width and 48mm in height. Scans
were performed at 60 keV beam energy, 0.1° rotational increment, 50 μs
exposure time, two frames averaging per rotational position. Five
consecutive stacked scans were acquired using 5 incremental vertical
shifts (26mm each) of the specimen, resulting in a total height of the
imaged volume of 131.37mm, which included the sample from the
femoral head (proximally) to the femoral diaphysis (distally) and the
top border of the aluminium potting cup. The 145.71mm width of the
imaged volume was obtained by scanning two batches of 180° rotation
each, with the specimen centred 8 cm off-axis (i.e., the off-set scanning
mode). The total scanning time was 25.2min per load step. Each of the
1800 projection images (2560× 896 pixels in size, 76.31× 26.71mm,
width × height) representing the entire specimen, was then obtained
by stitching horizontally the two images taken in the off-set scanning
mode and vertically those from the 5 vertical scans using a custom-
routine provided by IMBL. Hence, the final projection images were each
4407×4888 pixels in size (131.37× 145.71mm, height × width),
saved in 32 bit format, floating point, occupying 160 GB disk space. The
cross-section image reconstruction was performed using dedicated
software available at IMBL resulting in a stack of 4407 cross-section
images (4888× 4888 pixels in size) per load step, for a total volume of
Fig. 1. A schematic representation of the
compressive stage (left), the compressive stage
assembled (middle) and a detail of the spe-
cimen assembly (right). The figure displays the
compressive chamber (a), the screw-jack me-
chanism (b), the femur specimen (c), the alu-
minium potting cup (d), the load cell (e), the
low-friction X-Y table (f) and the structure
holding the specimen assembly (g).
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131.37mm height, 145.71×145.71mm width. The reconstructed
images were filtered (3× 3 Gaussian filter) and stored in external hard-
drives (32 bit, floating point, tiff format files) occupying 392 GB disk
space per load step.
2.6. Analysis of clinical-level CT images, of the force-time history and of the
µCT images
The suitability of the protocol for studying femur mechanics in el-
derly women was assessed by comparing the range of bone quality
(Bone Mineral Density, BMD) across specimens with that in elderly
white women (Kanis et al., 2000), the observed fracture pattern with
clinically relevant fracture patterns (Pauwel, 1934; Ruedi and Murphy,
2000), by visualizing the trabecular and cortical bone displacements at
micro-architectural level and by comparing the measured force to
earlier studies of bone viscoelastic response (Sasaki et al., 1993).
The total hip Bone Mineral Content (BMC), BMD and the corre-
sponding osteoporosis level (T-score) were estimated from the clinical
CT scans following the guidelines by Khoo et al. (2009) and classified
following the World Health Organization guidelines (Kanis et al.,
2000). The observed femoral fracture patterns were compared with
typical patterns of femoral neck fractures using the classification
proposed by Pauwel (1934) and the more recent classification by Ruedi
and Murphy (2000).
The time-elapsed 2D and 3D μCT visual representations of the entire
proximal femur were first created by subsampling the cross-section
images by four, to reduce the computational time. The image datasets
of the femur at the various load steps and post-fracture were spatially
co-registered to those taken in the initial zero-load condition (reference
images) using the rigid registration algorithm implemented in
Dataviewer (Skyscan–Bruker, Kontich, Belgium) and a region of the
distal end of the specimen as reference volume (cube, 20mm side). 3D
models were created by binarizing the images with bone as a solid
(uniform threshold (Perilli et al., 2007)) (CT Analyser, Skyscan–Bruker,
Kontich, Belgium) and then visualized (Paraview, Kitware, Clifton Park,
NY, USA). Then, the deformation of the femoral epiphysis was analysed
by co-registering the full resolution images (29.81 µm) at the height of
the lesser trochanter. Cortical and trabecular displacements were vi-
sualized by targeting (zooming-in) the analysis of the cross-section
images to the region between the femoral head and the lesser tro-
chanter, where the fracture was expected to occur. A public repository
was created to allow access to the images to the broad research com-
munity (Martelli and Perilli, 2016).
The force relaxation behaviour of the femur was studied by fitting,
Fig. 2. For each specimen, the principal strain map calculated using finite-element analysis (first column), a photo depicting the superficial fracture pattern
highlighted within a yellow ellipse (middle column) and the internal fracture pattern visualized over a coronal cross-section image taken from the synchrotron μCT
image dataset, showing the internal microstructure (right column, 29.81 pixel size). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).
S. Martelli, E. Perilli Journal of the Mechanical Behavior of Biomedical Materials 84 (2018) 265–272
268
to the measured force-time history, the Kohlrausch-Williams-Watts
(KWW) function, describing the fast stress relaxation behaviour oc-
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where ΔF(t) is the load step increment at time t, ΔF0 is the load step
increment at time zero, τ and β are the time constant and the shape
factor (Sasaki and Yoshikawa, 1993). In the present study, the force-
time history was collected for 30min after application of the load, se-
parated into single load steps, aligned in time by defining time t= 0 at
the time of load step application and normalized to the actual load
increment. The time constant τ and the shape factor β were then cal-
culated by fitting the KWW function to the normalized force profile.
3. Results
Specimens were all osteoporotic (total hip BMD: 0.28–0.56 g/cm2;
T-score = −4.75 to −2.12) according to the WHO guidelines (Kanis
et al., 2000) (Table 1). The three fractured specimens consistently
showed a cervical fracture opening in the proximal sub-capital neck,
which progressively narrowed moving medially to an incomplete frac-
ture ending in the medial neck (Fig. 2). The observed fracture patterns
resembled fracture types II and III according to Pauwel (1934) and type
31-B according to Ruedi and Murphy (2000).
The applied load step was 27.4% ± 0.4% (average ± standard
deviation) of the estimated fracture load (range: 3306–5246 N) for each
femur. The corresponding load step ranged between 906 N and 1414 N
across specimens, with fracture obtained after 4–5 time-elapsed ima-
ging load steps. The finite element analysis predicted the highest load to
fracture for specimen #2, followed by #1 and #3 and this order was
confirmed experimentally by the magnitude of the actual peak force
measured, which followed the same specimen order (#2, #1, #3)
(Table 2). Also, the fracture patterns, observed visually on the fractured
specimens and by μCT, were consistent with regions subjected to high
principal tensile strains in the finite-element analysis (Fig. 2).
The stack of reconstructed μCT cross-section images displayed,
starting from the top end, the polyethylene pressure socket, the entire
proximal femur, the distal diaphysis embedded in the aluminium cup
and the trabecular and cortical bone micro-architecture subjected to an
increasingly deformed state, up to fracture (Figs. 3–5). The full-re-
solution time-elapsed μCT images displayed a spatially heterogeneous
deformation of the proximal femur, localized in the proximal head
(from the proximal sub-capital to the most medial head region) and the
displacement under load of the trabeculae (Fig. 3).
Fig. 4 displays the sequence of coronal cross-section images of a
representative specimen (#1) unloaded and then followed by progres-
sively deformed states up to fracture, with the polyethylene pressure
socket displacing the superior femoral head. Fig. 5 shows 3D re-
presentations of a deformed proximal femur (rendering of 2mm thick
volume, coronal view) at the load step before fracture (~ 81% of the
estimated fracture load, white colour), superimposed to a scan in the
unloaded reference condition (orange colour); a concomitant lowering
and movement towards the medial side of the femoral head and of the
superior and inferior neck can be observed, as well as of the greater
trochanter and the femoral shaft, compared to the zero-load conditions,
with appreciable deformations, as large as fractions of millimetres
(Fig. 5b). After fracture (Fig. 5c), the cortical bone of the femoral shaft,
and the cortical and trabecular bone of the greater trochanter, re-
covered most of the displacement observed under load by returning to
their original zero-load position, consistent with a predominantly
elastic recovery after load removal. Instead, the fractured femoral head
and parts of the trabecular and cortical bone in the neck in proximity to
the fracture surface remained visibly displaced (lowered), even after
load removal.
Between load steps, specimens displayed stress relaxation behaviour
showing, on average, a decrease of the recorded force by 33% of the
applied load step after 7min (i.e., the average waiting time for scanning
to commence after load step application) and by 61% after 30min (i.e.,
at scan completion for each load step). The force relaxation behaviour
at each load step was well described (R2 = 0.99, p < 0.001) by the
KWW function (Sasaki and Yoshikawa, 1993). The range of the time
constant and of the shape factor were 50.9–158min and 0.388–0.443
respectively. Fig. 6 shows the six degree of freedom force measured at
the distal end of the femur for specimen #1.
4. Discussion
The aim of this study was to obtain time-elapsed microstructural
μCT images of the entire proximal femur under load while inducing
fracture to the femoral neck. A novel protocol was designed and suc-
cessfully applied at the Australian Synchrotron (Clayton, VIC,
Australia). Time-elapsed μCT images of the entire proximal femur were
obtained for three specimens from elderly white female donors,
Table 2
The fracture experiment.
Specimen ID 1 2 3
Estimated fracture load (N) via FE 3788 5246 3306
Measured peak force (N) 3146 3528 2331
Force increment (N) applied per
load stepa
1049 ± 105 1414 ± 119 906 ± 124
Force increment (%) applied per
load stepb
28 ± 2.8% 27 ± 2.3% 27 ± 3.7%
Force relaxation @30min (N)a 526 ± 221 941 ± 401 640 ± 71
Force relaxation @30min (%)c 50 ± 21 67 ± 28 71 ± 11
Steps to fracture (planned) 4 4 4
Applied load steps before fracture 4 4 5
a Average value± SD.
b Values are expressed as percentages of the estimated fracture load.
c Values are expressed as percentages of the applied load step.
Fig. 3. The microstructure of the proximal femur displaced under load (load
step 4) displayed over a coronal synchrotron μCT cross-section image (29.81
pixel size) for one representative specimen (#1). White regions represent bone
regions where bone is present before and after load application, green regions
represent bone regions where bone is present only in the images of the spe-
cimen subjected to no load and pink regions represent bone regions where bone
is present when deformed under load. The image shows the highest displace-
ments localized in the superior femoral head indicating high deformation levels
as compared to other bone regions. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.).
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showing the progressive displacement of the femoral microstructure
under a step-wise load increase and post-fracture. Moreover, we suc-
cessfully used finite-element analysis from clinical-level CT scans for
planning the time-elapsed imaging experiment, allowing the determi-
nation of a specimen-specific load step to be applied and consistently
predicting high strains over the experimentally observed fracture re-
gion. Therefore, the protocol and the high resolution images generated
in the present study can be used to study the deformation and fracture
mechanism in human femora.
The images displayed the progressive displacement under load of
the femoral microstructure in the whole metaphysis (Figs. 3–5), at a
pixel size (29.81 µm) that allows capturing relevant features of bone
microstructure (Nazarian et al., 2006; Perilli et al., 2008), a spatially
heterogeneous displacement and deformation under load in the prox-
imal femur, and post-fracture residual displacement after load removal,
which was mainly localized in the fractured region. Thus, the present
study provides a protocol for time-elapsed μCT imaging of the human
proximal femur and μCT images for studying trabecular and cortical
micromechanics in the entire proximal femur. The conjunct availability
of the μCT images and the force-time history can be used for studying
the relationship between bone micro-morphometry, deformation and
fracture (Baruffaldi et al., 2006; Nawathe et al., 2014a, 2014b; Perilli
et al., 2012b) while inducing clinically relevant fractures to the femur.
For example, digital volume correlation analysis can be applied to these
μCT image datasets, for quantification of volumetric bone strain
(Roberts et al., 2014; Jackman et al., 2016) and enabling validation of
micromechanical models of the human femur toward advanced surro-
gates of real samples (Niebur et al., 2000; Taylor et al., 2017). Whereas
the latter was beyond the aim of the present study, the time-elapsed
μCT images are being made available to the bone research community
through an open access policy (Martelli and Perilli, 2016), which may
help overcoming the intrinsic difficulties for accessing the limited
number of imaging facilities where the present protocol can be im-
plemented.
The step-wise compressive loading, planned a priori using finite-
element analysis and then experimentally applied using the developed
compressive stage, consistently induced clinically relevant sub-capital
fractures (Pauwel, 1934; Ruedi and Murphy, 2000). Importantly, the
specimens’ strength predicted via finite element analysis of clinical-
level CT images, which varied substantially from 3306 N to 5246 N
across specimens, allowed to rank the specimens according to their
estimated strength, enabling a specimen-specific determination of the
load step to be applied (906–1414 N) and limiting the number of
complete load steps before fracture between 4 and 5 (Table 2). There-
fore, finite-element analysis may help planning time-elapsed experi-
ments of entire bone segments of variable strength. Nevertheless, there
was a substantial difference between the estimated fracture load and
the peak force measured during the time-elapsed experiment attribu-
table to force relaxation (i.e., 50–71% decay of the applied load step
over thirty minutes from load step application; Table 2). The force
Fig. 4. The time-lapsed μCT images displaying the progressively increasing deformation state of one representative specimen (#1) including no deformation (a),
increasingly deformed states (b–e) and after fracture (f). The top border of the specimen holder, the pressure socket and their distance at each load step (in mm) are
also visible.
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relaxation constants reported in the present study (i.e., time constant:
50.9–158min; shape factor: 0.388–0.443) differ from those previously
reported for bovine cortical cores (i.e., time constant: 26–44min; shape
factor: 0.49–0.63)(Sasaki and Yoshikawa, 1993) and similarly showed
large inter-specimen variability, particularly for the time constant,
likely attributable to inter-specimen differences in tissue mechanics.
Hence, the present findings may help planning of future time-elapsed
experiments, as well as facilitating the development of viscoelastic
models of human femoral mechanics. Finally, the consistency between
the fracture patterns observed here using step-wise loading and those
observed in previous works using the same loading condition but at
much higher loading rates (2–27.5 mm/s (Schileo et al., 2014)) suggests
a similarity between the failure modes across different loading rates.
This is key in translating results from time-elapsed experiments to real-
case scenarios (e.g., impact loading), although more specimens tested to
fracture are necessary to confirm this hypothesis.
To the best of our knowledge this is the first study providing time-
elapsed microstructural μCT images of the proximal femur while
inducing clinically relevant fractures to the femoral neck. The fracture
patterns observed in the proximal femur are in agreement with previous
experimental results, where the same loading configuration was found
to induce a range of clinically relevant fracture patterns from sub-ca-
pital to intertrochanteric fractures (Cristofolini et al., 2007). A previous
study performed synchrotron light μCT imaging of one femoral epi-
physis in unloaded condition at 22.5 µm pixel size, proving the feasi-
bility to visualize the trabecular and cortical bone microarchitecture
with a spatial resolution typically used for morphometric analysis on
biopsies (Baruffaldi et al., 2006). The pixel size obtained in the present
study (29.81 µm) will allow similar analyses (Perilli et al., 2012b) with
the advantage to put it in relation to step-wise loading, up to fracture.
Several studies used commercially available high-resolution peripheral
quantitative computed-tomography (HR-pQCT) for microstructural
imaging of the entire human femur (Nawathe et al., 2014a, 2014b; Van
Rietbergen et al., 2003), although none of these studies has obtained
time-elapsed images of the femur under progressive loading, because
the big size (width, length) and the high strength of the human femora
prevents imaging and concomitant loading within the compressive
stages typically fitting those scanners. In fact, time-elapsed μCT imaging
studies of entire human bone segments based on HR-pQCT systems are
limited to thoracic vertebrae scanned while compressed using an ad-hoc
device (Jackman et al., 2016), conceptually similar to that used in the
present study. This study has overcome these technical constraints, by
designing a novel ad-hoc compressive stage and performing μCT scans
at the Australian Synchrotron, which has a beamline (IMBL) and a
detector capable of producing images of big size (145.7× 145.7mm),
at high resolution (29.81 µm, isotropic). Also, the pixel size in the
present images is smaller than that used with the above commercial
systems (i.e., 61.5– 80 µm (Nawathe et al., 2014a; Nawathe et al.,
2014b; Van Rietbergen et al., 2003)), providing a superior representa-
tion of the bone microarchitecture, in a bigger field of view (Perilli
et al., 2012b). While technological advances in commercial μCT scan-
ners may allow time-elapsed μCT studies of human femora at some
stage in future, at this point in time the open access policy used in the
present study (Martelli and Perilli, 2016) will facilitate further research
by allowing access to the images to the broad research community.
One limitation of the present study is that the observed fracture
patterns, which systematically opened in the proximal sub-capital neck
Fig. 5. The 3D geometry of a 2 mm thick stack of coronal synchrotron μCT cross-section images of the specimen subjected to no load (a), after application of the
fourth load increment (b) and after fracture (c). The 3D bone geometry of the entire specimen and the location of the 2mm slice (blue stripe) are displayed on the left.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
Fig. 6. The six component force measured for one representative femoral spe-
cimen (#1). The graph displays the load step sequence up to fracture and the
load time history between steps. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.).
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to end in the medial calcar region, represent a fraction of the fracture
patterns typically observable in the clinics (Pauwel, 1934; Ruedi and
Murphy, 2000). Most likely, different loading scenarios, loading rates
and more specimens tested to fracture would have resulted in a broader
range of fracture patterns (Cristofolini et al., 2007). For example,
sideways fall loading would have caused a sudden, predominantly
compressive state in the upper neck (Nawathe et al., 2014b) as opposed
to the quasi-static predominantly tensile state obtained in the present
study, likely resulting in a different fracture mode. However, increasing
the number of loading conditions and specimens was limited by ima-
ging time available. Furthermore, the fracture behaviour observed in
the present study may be affected by a non-physiological load transfer
between the spherically shaped polyethylene pressure socket and the
femur specimen through the soft soaked fabric layer. However, the load
transfer system used in the present study compares favourably with
earlier studies using spherical metallic shells (Zani et al., 2015) and a
PMMA layer (Ariza et al., 2015) directly in contact with femoral head
causing similar fracture patterns to those obtained here and supporting
the validity of the present protocol. Lastly, it is important to highlight
that time-elapsed scans of specimens of this size, at this high spatial
resolution, generate correspondingly large datasets during scanning
(for example, 160 GB per load step in this study) and image re-
construction (392 GB per load step), making the following image post-
processing and data analysis a computationally intensive task (Perilli
et al., 2012b). Therefore, experiments of this kind and the type of
analysis to be performed need to be carefully planned a priori, con-
sidering the resources available in terms of time, operators and com-
puter hardware and software capabilities.
Concluding, the protocol developed enables obtaining time-elapsed
synchrotron-light μCT images of the entire human proximal femur
under load, while inducing clinically relevant fractures to the femoral
neck. The images showed progressive displacement of the femur cor-
tical and trabecular microstructure at a pixel size typically obtainable
only on smaller bone segments or small biopsies. The study shows also
the usefulness of finite-element analysis on clinical-level CT scans in the
planning phase of time-elapsed imaging experiments of this kind for
specimens of various strengths, for determining the actual incremental
load to be applied at each load step. The time-elapsed μCT images
obtained for three elderly white women can be used to study femoral
micromechanics and fracture. The public availability of the image da-
tasets (Martelli and Perilli, 2016) will facilitate overcoming the intrinsic
difficulties of accessing the limited number of imaging facilities avail-
able for conducting similar experiments. This protocol may also provide
basis for time-elapsed μCT studies of specimens of similar size, from
various skeletal sites under load.
Appendix A. Supplementary material
Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.jmbbm.2018.05.016.
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